Growth of fi ssure ridge travertines from geothermal springs of Denizli Basin, western Turkey
INTRODUCTION
Endogenic travertine deposits are the result of CaCO 3 precipitation from hydrothermal waters rising along fractures and faults in Earth's crust (Barnes et al., 1978; Pentecost, 1995 Ford and Pedley, 1996; Crossey et al., 2006; Pedley, 2009 ). As such, endogenic travertines are the result of natural leakage from CO 2 -charged systems and may serve as useful analogs to assess long-term tectonically related leaks from artifi cially charged geologic sites Haszeldine et al., 2005; Le Guen et al., 2007; Nelson et al., 2009; . The prerequi site for the use of endogenic travertines as analogs of anthropogenic activities is, however, the complete understanding of their deposition history and infl uencing factors. Moreover, unraveling the growth of endogenic travertines provides important insights into the feeding geothermal circuits and, therefore, into the assessment of the geothermal potential (Newell et al., 2005; Crossey et al., 2009; Banerjee et al., 2011) .
The main aim of this paper is to understand the growth of fi ssure ridge travertines ( Fig. 1) , which usually occur in active or recently active extensional settings (Table DR1   1 ). We studied fi ssure ridge travertines from the Denizli Basin, western Turkey, where travertines are widespread and quarries provide excellent exposure. Previous studies provided important insights into the nature of these structures (Altunel and Hancock, 1993a, 1993b; Altunel, 1994; Özkul et al., 2002; ). We take advantage of these previous studies and data, and provide new stratigraphic, structural, geochemical, and geochronological evidence to constrain the nucleation and growth of four fi ssure ridge travertines.
FISSURE RIDGE TRAVERTINES
Endogenic travertine deposits are characterized by different shapes and sizes, so that large sedimentary structures such as waterfalls, terrace-mounds, self-built channels, and fi ssure ridges have been identifi ed mainly on a morphological basis Altunel and Hancock, 1993a, 1993b; Özkul et al., 2002) . With the term fi ssure ridge, Hayden (1883) described, for the fi rst time, a travertine ridge at Mammoth Hot Springs (Wyoming, USA). Since then, the term has been applied to several other similar structures in Turkey, Italy, and many other countries (Table DR1 [see footnote 1]) to indicate whale-back-shaped or elongate moundshaped deposits of travertines Altunel and Hancock, 1993a, 1993b; Altunel, 1994; Özkul et al., 2002; Temiz, 2004; De Filippis and Billi, 2012) . These travertine structures ( Fig. 1) are between a few tens of meters and ~2700 m in length, 5 and 400 m in width, and 1 and 25-30 m in height. A basic characteristic of a fi ssure ridge is the presence of two types of travertine: one porous and stratifi ed (bedded travertine) that constitutes the bulk of the fi ssure ridge, and one sparitic nonporous travertine (banded travertine) that usually fi lls the interior walls of the fi ssure ridges, forming injection veins and silllike structures (Fig. 1) . The banded travertine is not always observable due to the lack of proper exposures. The bedded travertine may, in fact, entirely encompass and coat the banded one (e.g., Fig. 1B ).
In the fi ssure ridges hitherto studied, several main common features can be identifi ed: (1) A fi ssure ridge is a linear elongated travertine mound deposited from underground circulated hot waters; (2) fi ssure ridges can be straight, curved, or even bifurcated in plan view; (3) they are characterized by a central extensional fi ssure or fracture extending along the crest of the ridge for nearly its entire length, often with associated minor subparallel fractures also named parasitic fi ssures or fractures ; (4) ascending hot waters in active fi ssure ridges cause carbonate precipitation both within the fi ssure space and on the ridge fl anks, thus generating, respectively, banded and bedded travertine deposits Altunel and Hancock, 1993a, 1993b; ); (5) most fi ssure ridges studied are located on the hanging wall of normal faults (Altunel and Hancock, 1993a, 1993b) ; and (6) fi ssure ridge growth is progressive in time and space, involving a spatial growth in all three dimensions (i.e., length, width, and height) and a temporal duration that can be as long as ~400 ka, as determined by U-series dating methods .
So far, fi ssure ridges, either active or extinct, have been studied in the Denizli Basin, Turkey Özkul et al., 2002; , in the Kirşehir region, Central Anatolia, Turkey Temiz, 2004; , in the Sivas area, Turkey , at Rapolano Terme, Italy Brogi and Capezzuoli, 2009), Mammoth Hot Springs, Wyoming (Bargar, 1978) , Bridgeport, California , Soda Dam, New Mexico , Paradox Basin, Utah , Zerka Ma'in, Jordan , Hammam Meskoutine, Algeria , Band-e-Hajar, Afghanistan (de L'Apparent, 1966) , San Antonio Texcala, Mexico , and elsewhere (Table DR1 [ 
GEOLOGICAL SETTING
The Denizli Basin is located in western Turkey, which is one of the world's most rapidly extending regions (e.g., Jackson and McKenzie , 1988; Westaway, 1990) . This region, which is part of the Aegean extensional province (Bozkurt, 2001) , is characterized by an extensional strain rate of at least 20 mm/a (Kahle et al., 1998; Reilinger et al., 2006) . In particular, the rate of motion appears to increase from the northern Arabian plate to the Hellenic Trench through western Turkey, where recent measurements provide an extensional strain rate of 24.6 ± 1 mm/a (Reilinger et al., 2006) . The extensional tectonic regime of western Turkey is regarded by Şengör et al. (1985) as having started in Tortonian time (ca. 7 Ma), when the Anatolian block began to escape toward the west and a N-S stretching regime commenced in western Turkey.
The principal active normal faults of western Turkey generally strike E-W, but grabens locally trending NW-SE and NE-SW also occur. The Denizli Basin occurs at the confl uence of the E-W-trending Menderes and NW-trending Gediz grabens, which are located close to the eastern margin of the Neogene-Quaternary Aegean extensional province (Westaway, 1990; Koçyiğit, 2005) (Fig. 2) . The Denizli Basin trends NW-SE, with a length of ~50 km and a width of 20 km, and rests at an altitude of ~200 m above sea level (a.s.l.). The metamorphic rocks exposed in the Menderes Massif constitute the basement of the Denizli Basin, the formation of which started in early Miocene time (Alçiçek et al., 2007) . Marbles are an important constituent of the metamorphic basement (Pamir and Erentöz, 1974; Okay, 1989) and are, together with Pliocene continental limestone, at the origin of the studied travertines . Above the downfaulted metamorphic basement, continental sedimentary rocks of Neogene age constitute the infi lling of the Denizli Basin, where extensional tectonics are still active at different rates in different parts of the basin ). An average strain rate was calculated (derived from heave values of normal faults) as ~0.3 mm/a (Westaway, 1993) . The same extensional rate was inferred by studying the fi ssure ridge travertines from the Denizli Basin. Recent earthquakes with magnitudes up to 5.5 (e.g., the 1965 M 5.3, 1976 M 5.0, and 1986 M 5.5 earthquakes) are symptomatic of the active extensional tectonics in the Denizli Basin (Ates and Bayülke, 1982; Taymaz, 1993; Westaway, 1993; Bozkurt, 2001 ).
An important locality in the Denizli Basin is Pamukkale (Turkish term for Cotton Castle), where actively accumulating travertines are one of Turkey's most famous tourist sights. Travertine deposition at Pamukkale has been active since at least 400 ka, partially covering the Roman city and necropolis of Hierapolis . At Pamukkale, travertine originates from geothermal springs that emerge from open fi ssures and at least one fault zone at a temperature of 36 °C (Kele et al., 2011) on August 29, 2012 gsabulletin.gsapubs.org Downloaded from range between 28 °C and 59 °C (Gökgöz, 1998; Özler, 2000; Dilsiz et al., 2004) . The studied fi ssure ridges are all located in the Denizli Basin. The Çukurbağ fi ssure ridge, in particular, lies below the famous Pamukkale travertine.
FISSURE RIDGES OF THE DENIZLI BASIN
We present fi eld observations on fi ssure ridge travertines and related geochronological data. The latter were obtained using the U-Th disequilibrium method, which is the most widely used dating technique applied to speleothems and travertines. The analytical procedure followed ; details are reported in the GSA Data Repository item (see footnote 1). All errors are indicated as 2σ (Table 1) . We choose travertine samples where the texture was the best for high precision.
To understand the temporal relationship between the banded and bedded travertines, in the studied fi ssure ridges, we collected samples from fi ssures fi lled by banded travertine and from the adjacent bedded travertine. Samples with minimum detrital fraction (i.e., the most sparitic bedded travertines with no evidence of secondary recrystallization) were chosen to reduce errors in the age determination. Sampling sites are shown both in plan and cross-sectional views in , and related coordinates are reported in Table 1 and Table DR2 (see footnote 1) together with the complete results from dating analyses.
We compare our dating results with previous ones from the Akköy, Çukurbağ, and Kocabaş fi ssure ridges . On the contrary, data from the Kamara fi ssure ridge offer the fi rst ages from this site. To understand the possible infl uence of paleoclimate on the fi ssure ridge growth, in Figures 8, DR1, and DR2 (see footnote 1), we compare our radiometric age data with major climate events recorded in speleothems from the Hulu cave (China), Sofular cave (Turkey), and other sites . We also consider climate fl uctuations during the past 2500 years in Europe ( Fig.  8B ; Büntgen et al., 2011) . From this comparison, we infer that most banded travertine samples fall in cold events during Quaternary time. In particular, Figures 8 and DR1 (see footnote 1) show that our U-series dates for the banded travertine fall within the 16-30 ka time interval ( Table 1) on August 29, 2012 gsabulletin.gsapubs.org Downloaded from climate events such as Heinrich events 1 (H1) and 2 (H2) and the Last Glacial Maximum (LGM) (Bar-Matthews et al., 1999; ). This temporal-paleoclimate correlation is also confi rmed at the regional scale, considering results from the Sofular cave in Turkey ( Table 1 ) for which the analytical uncertainty prevents an unambiguous assignment to cold or warm periods. The age of the most recent sample (Kamara, 1.7 ± 0.1 ka) corresponds with a well-known dry period (Orland et al., 2009; Büntgen et al., 2011; Fig. 8B) . The general temporal correlation between banded travertine deposition in the Denizli Basin and cold climate events has been already ascertained by , whose geochronological data are also plotted in Figures 8, DR1 , and DR2 (see footnote 1). Concerning the bedded travertine, one sample falls within the H6 cold period (ca. 60 ka). The ages of the other two samples have high analytical uncertainties (36.4 ± 3.0 ka and 53.4 ± 1.6 ka; Fig. DR1 [see footnote 1]), so that their assignment to cold or warm periods is ambiguous; it is interesting to note, however, that 36 and 54 ka correspond with warm peaks during Quaternary time (Bar-Matthews et al., 1999) .
As mentioned already, due to their sparitic versus detrital quality, travertine samples could not be chosen to systematically characterize the overall timing of fi ssure ridges. The available age data (Figs. 8, DR1 , and DR2 [see footnote 1]) do not allow us to understand, for instance, what happened to the travertine deposition in the Denizli Basin during the cold Younger Dryas stadial (ca. 12.8-11.5 ka) or during the relatively warm Holocene time (e.g., the Holocene climatic optimum, ca. 9-5 ka). Our interpretations (see the Discussion section) are therefore to be further constrained in the future when a new dating technique will allow for precise dating of detrital travertines as well. Figure 3D showing the crosscutting relationship with other veins and the adjacent bedded travertine.
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Kamara
The Kamara fi ssure ridge is part of the Yenice travertine complex (1.5 km 2 in areal extent), which is located in the Büyük Menderes River valley, ~3 km to the northeast of Yenice village, not far from the tourist site of the Güney Waterfall tufa ( Fig. 2 ; Özkul et al., 2010) . The fi ssure ridge is located on Neogene fl uviolacustrine deposits (Fig. 2) . Tectonically, the ridge is located on the footwall of the Tripolis fault (Çakir, 1999) , which is, in turn, the hanging wall of other normal faults located northeast of Kamara (Yalçınlar, 1983; Kaymakçı, 2006) (Fig. 2) . The Tripolis fault is the northwestern segment of the Pamukkale fault system (Turgay et al., 1985; .
Kamara was an active fi ssure ridge, where travertine was being deposited from emerging carbonate-rich hot waters, until 1997; however, drilling to obtain hot water for a thermal spa depleted the spring. The fi ssure ridge (Fig. 3A on August 29, 2012 gsabulletin.gsapubs.org Downloaded from trends N125° (the long axis) and is ~63 m in length, 15 m in width, and 6 m in maximum height over the surrounding plain (Table DR1 [see footnote 1]). Figure 3B displays a cross section (A-A′) through the fi ssure ridge, showing an asymmetric profi le, with the northeastern fl ank slightly steeper than the southwestern one. In particular, the northeastern fl ank dips toward the northeast by ~33°, and the southwestern fl ank dips toward the southwest by ~29°. The top of the ridge shows a system of en-echelon open fractures with an average strike of about N120° (Fig. 3A) . Fracture aperture varies between about a few millimeters and a maximum of ~20 cm, and it is usually larger in the central section of the fi ssure ridge than near its lateral closures (Fig. 3C ). Both fl anks of the fi ssure ridge consist of bedded travertines dipping away from the axial fi ssure, with the northeastern fl ank characterized by the presence of a fossil waterfall, determining a marked asymmetry of the Kamara fi ssure ridge.
The bedded travertine, which is very similar to the one observed in the three fi ssure ridges on August 29, 2012 gsabulletin.gsapubs.org Downloaded from depicted in the following sections, consists of a porous layered travertine with microstructures such as microterracettes, shrubs, and crystalline crusts, which are typical of high-energy slope or cascade environments (Guo and Riding, 1998) , where travertine grew as a fl owstone with a clinostratifi cation (Fig. 3) .
The Kamara banded travertine is exposed along the southwestern side of the axial fi ssure. The calcite crystals in the banded structure are perpendicular to the vertical fi ssure walls and arranged in parallel, subvertical layers with alternating white, red, and brown colors (Figs. 3D and 3E) induced by iron (Özkul et al., 2002) . The contact between bedded and banded travertines, when visible, is nearly orthogonal, with the banded travertine cutting through the bedded one ( Fig. 3) . At least in one case, we observed a set of banded travertine layers curving to form a sill along the strata of the bedded travertine (Fig.  3D ). Another example is a vein cutting out from the axial zone and continuing toward the northeastern fl ank at a low angle (Fig. 3B) .
Travertine from the Kamara fi ssure ridge has never previously been dated. We collected and dated two samples from the banded travertine of Kamara (Ka2 and Ka4) (Figs. 3A and 3B). We obtained ages of 1.7 ± 0.1 ka and 2.5 ± 0.1 ka for the two samples (Table 1) . The adjacent bedded travertine is too rich in detrital Th to be reliably dated.
Çukurbağ
Çukurbağ is an extinct fi ssure ridge located within the Pamukkale fi ssure zone of Altunel (1994) , ~1 km northwest of the active Pamukkale travertine terraces, a World Heritage site of the U.N. Educational, Scientifi c and Cultural Organization (UNESCO) (Fig. 2) . Çukurbağ is part of the Pamukkale travertine deposit, which occupies an area of ~7.6 km 2 overlying Neogene sediments. The Pamukkale fault system, named as "Pamukkale range front fault" by , which strikes NW-SE and dips toward the southwest (Çakir, 1999) , is the main tectonic feature in the area. It consists of two fault branches, namely, the Hierapolis and Akköy normal faults. The Çukurbağ fi ssure ridge, in particular, grew on the hanging wall of the Hierapolis fault (Fig. 2) .
In the Çukurbağ area, there are several fi ssure ridges , of which the largest one, named Çukurbağ fi ssure ridge, trends E-W and has a length of ~350 m, a width of 36 m, and a maximum height of 11 m (Table DR1 [ Table DR1 [see footnote 1]), which we name the Çukurbağ 2 fi ssure ridge. A thermal spring is located at the eastern end of the Çukurbağ fi ssure ridge (Fig. 4A) , and it has a temperature of 56 °C (for more information, see Gökgöz, 1998; Kele et al., 2011 ). An axial fi ssure is exposed on the ridge crest with a strike ranging between N80° and N110° (Fig. 4A ). In places, the axial fi ssure is accompanied by minor fractures occurring on both fl anks (Fig. 4A ). Both the main and minor fi ssures and fractures are nearly vertical and are fl anked by bedded travertines dipping away from the axial fi ssure. The fi ssure aperture, as well as the height and width of the fi ssure ridge, decreases from the central portion toward the lateral closures, where the travertine becomes nearly horizontal (Fig. 4A) . Figure 4B shows a cross section (A-A′) perpendicular to the long axis of the E-W-trending Çukurbağ ridge. In the cross section (Fig. 4B) , the fi ssure ridge profi le is markedly asymmetric, with the northern fl ank steeper than the southern one. In this cross section, the fi ssure ridge reaches its maximum height (11 m) and width (36 m). Both fl anks are tilted and, in places, are characterized by fractures that isolate slabs of tilted bedded travertine. In particular, the southern fl ank is clearly tilted with beds dipping between 21° and 34° (Fig. 4A ). The northern fl ank is also tilted with a maximum dip of 44°. The central part of the cross section is characterized by three subvertical fi ssures fi lled with banded travertine. At present, the banded travertine is visible only in the northernmost fi ssure; the other two central fi ssures have been quarried (Fig. 4B ). The fi ssure ridge fl anks, in contrast, consist of bedded travertine. The contact between bedded and banded travertine is nearly orthogonal. In a cross-sectional view (Fig. 4B) , (F) Often, the quarry activity allows geologists to observe nice exposures of the internal fi ssure ridge structure and recognize fi ssures, unconformities, and vein networks. We drew the E-E′ cross section of Figure 5E after the analysis of this exposure.
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At Çukurbağ, we collected and dated two samples, one from the bedded (Pa5) and one from the banded travertine (Cuk1) (Figs. 4A and 4B). We obtained ages of 24.1 ± 0.3 ka and 60.0 ± 1 ka for the banded and bedded travertines, respectively (Table 1) . Ages between 24.9 ka and 25.2 ka from the Çukurbağ banded travertine published by are consistent with our results (Figs. 8, DR1, and DR2 [see footnote 1]) as well as ages (with error bars around 4%-5%, however) determined by (i.e., 21.5 ± 1.0 ka and 29.5 ± 1.4 ka).
Akköy
The Akköy fi ssure ridge is part of the Karakaya Hill, a system of NW-SE-elongated reliefs between the villages of Akköy and Pamukkale.
The Karakaya Hill is situated along the southwest part of the Pamukkale travertine plateau (Fig. 2 ). This part of the Denizli Basin is characterized by a set of fi ssure ridges, either active or extinct, most of which are found in the stepover zone between the Akköy and Hierapolis faults, where an intense fracture network likely enhanced the leakage of mineralizing fl uids. The Akköy fi ssure ridge is inactive and located on the hanging wall of the Hierapolis fault, which is 2 km away from the fi ssure ridge. Next, we present observations made on the northern segment of the Akköy fi ssure ridge (Fig. 5A) , where excellent exposures of travertine are available in active quarries.
The Akköy fi ssure ridge trends NW-SE and has a length of ~1900 m, a width of 200 m, and an average height of 25 m (Table DR1 [see footnote 1]). In the studied part of the Akköy fi ssure ridge, two main en-echelon fi ssures run along the crestal region of the ridge with a NW-SE trend (N145°) (Fig. 5A ). These axial fi ssures are accompanied by minor fractures. Both main and minor fractures are nearly vertical in the central portion of the fi ssure ridge and become inclined toward the northeast, forming a fan-shaped pattern (Figs. 5D and 5E). These fractures are fi lled by banded travertine (at present, almost entirely quarried; Figs. 5 and 6) and are fl anked by bedded travertine, which dips away from the axial zone.
Figure 5B shows a longitudinal cross section of the Akköy ridge, whereas Figure 5C is a plan view of the study area with dip domains and sampling sites. Figures 5D and 5E show two three-dimensional views, each one based on three cross sections elaborated perpendicularly to the Akköy ridge.
Cross sections of Figure 5D show two main fi ssures dipping toward the southwest and other associated fractures and veins. These fi ssures are fi lled by banded travertine and can be followed upward from cross-section D-D′ to cross-sections C-C′ and B-B′, where most banded travertine has been quarried. In general, the fi ssures fi lled by banded travertine tend to widen upward and to become inclined toward the northeast from a subvertical attitude in the central portion of the ridge. Blocks of bedded travertine entirely surrounded by banded travertines are visible on the cross sections (see cross-section D-D′ in Fig. 5 ). In particular, in cross-section D-D′, the block of bedded travertine lined by banded travertine is pervaded by veins (i.e., fi lled by banded travertine) both cutting through and paralleling (i.e., travertine sills) the travertine beds.
The three-dimensional view including crosssections E-E′, F-F′, and G-G′ (Fig. 5E) shows features similar to the ones observed in Figure  5D , with fi ssures fi lled by banded travertine on August 29, 2012 gsabulletin.gsapubs.org Downloaded from (now mostly quarried) slightly widening upward and becoming inclined toward the northeast, and with the bedded travertine dipping away from the axial fi ssures. One important feature (cross-section E-E′) is a bedded travertine unconformity marking the contact between two adjacent fi ssure ridges coalesced to form this branch of the Akköy fi ssure ridge (Fig. 5A) . Other unconformities and paraconformities are visible in cross-sections D-D′, F-F′, and G-G′, marking the contact between travertine deposits formed in temporal successions.
At Akköy, we collected and dated nine samples, seven from the banded travertine (Ak15, Ak16, Ak17, Ak21, Ak22, Ak23, Ak26) and two from the bedded travertine (Ak24 and Ak27) (Figs. 5C-5E). Our analyses provided ages between 16.3 ± 0.3 ka and 29.3 ± 1.6 ka for the banded travertine, and ages of 36.4 ± 3 ka and 53.4 ± 1.6 ka for the two bedded travertine samples (Table 1) . ) dated the banded travertine within the southeastern branch of the Akköy fi ssure ridge (south of our study area) and obtained ages between ca. 49 ka and 74 ka, whereas ages obtained by the same authors on the banded travertine from our study area are between ca. 21 ka and 26 ka. Moreover, obtained an age of 34.9 ka for a single sample from the banded travertine in our study area.
Kocabaş
Several inactive fi ssure-ridges occur close to the village of Kocabaş along the DenizliAfyon Road in the eastern portion of Denizli Basin (Fig. 2) . We studied one of these fi ssure ridges, hereafter named the Kocabaş fi ssure ridge, where excellent exposures are present in two active quarries (see also . In particular, these exposures allowed us to analyze the eastern portion of the ridge (Fig. 7) . Concerning the Kocabaş fi ssure ridge, indicated that this fi ssure ridge was buried beneath at least 200 m of continental sedi ments and then exhumed to the present setting.
The Kocabaş fi ssure ridge trends WNW-ESE for ~2700 m in length, 300 m in maximum width, and 20 m in height. Figure 7A shows a plan view of the fi ssure ridge, whereas in Figure  7B , the study area is magnifi ed to show bedding attitudes and sample location. In Figure 7C , two artifi cial exposures, ~120 m (A-A′) and 30 m (B-B′) long, across the eastern portion of the fi ssure ridge are shown. Four main fi ssures fi lled by banded travertine (at present almost entirely quarried) are visible in these cross sections (A-A′ and B-B′ in Fig. 7C ). These fi ssures are rather thick (up to ~10-12 m) compared to the previously described fi ssure ridges (Figs.  3-6 ). In the north-northeastern part of the cross sections (Fig. 7C) , a block of bedded travertine is entirely surrounded by banded travertine. In the south-southwestern part, a highly inclined fi ssure fi lled with banded travertine is curved to form a gently dipping thick sill (~1.5 m in thickness) within the SSW-dipping bedded trav ertine (Fig. 7D ). Other evidence of banded traver tine within the surrounding bedded travertine is present on the southwestern termination of the A-A′ cross section (Figs. 7C and  7D ). On the northeastern termination of the A-A′ cross section (Fig. 7C) , a bookshelf structure, including some shear fractures, affects the bedded travertine.
At Kocabaş, we collected and dated three samples from the banded travertine (Ko1, Ko2, and Ko4) (Figs. 7B and 7C ). Our analyses provided two ages exceeding the range of the U-Th disequilibrium dating method (>350 ka) and one age of 160.0 ± 5 ka (Table 1 ). In the same study area, , for two samples of banded travertines, obtained one age of ca. 105 ka and one >350 ka. Some additional age data were obtained ranging from 300 to 350 ka using the thermoluminescence (TL) method (Özkul, 2011, personal commun.) .
MICROSTRUCTURAL ANALYSIS OF THE BANDED TRAVERTINE
Microstructural observations from 25 thin sections were made from veins filled with banded travertine (Fig. 9) . The thin sections, in particular, are from a total of 11 veins affecting three of the four previously described fi ssure ridges (Kamara, Çukurbağ, and Akköy). The representativeness is limited by the mentioned extensive quarries. The thin-sectioned samples are, in fact, from the boundaries of the largest quarried veins or from minor veins accompanying the largest ones.
The fabric observed in the analyzed veins is rather complex and heterogeneous with several textural zones. In synthesis, main common features are as follows.
(1) All the veins are composed of visible bands both under the optical microscope and with the naked eye (1-25 mm thick) with brownishyellowish to white colors. Such banded fabric is produced by the multiphase growth history of the veins ; compare with Nuriel et al., 2011 Nuriel et al., , 2012 .
(2) When elongated or fi brous, the calcite crystals are perpendicular to the vein walls (Figs. 9A and 9B), attesting that the veins were formed by opening and crystals grew synkinematically.
(3) Under the microscope, veins appear to be composed of several textural zones (Fig. 9) , which are depicted in more detail in the following points. Each vein has its particular sequence and pattern of textural zones, but the various types of zones (except the exotic zones that are rarer; see following) are present in all the veins.
(4) From the size and width of calcite crystals, which increase in the direction of crystal growth, we infer that the crystals grew toward the center of the vein (symmetric syntaxial veins, Fig. 9A ) or from one wall toward the other wall (asymmetric syntaxial veins, Fig. 9C ). The general syntaxial growth of veins is also confi rmed by radiometric dating of vein bands ).
(5) Three main textural zones are recognized in all veins at the microscopic scale: hiatus and crystal termination zones, zones of dynamic crystallization, and exotic zones (Fig. 9) . Hiatus zones may be thick and complex with various layers including micro-and macrocrystalline euhedral calcite and impure calcite (Figs. 9D  and 9E ). This type of hiatus zone markedly separates adjacent textural zones usually consisting of elongate to fi brous crystals. Otherwise, hiatus Table DR2 (see text footnote 1) for a complete list of data. † Errors are always quoted as 2σ.
on August 29, 2012 gsabulletin.gsapubs.org Downloaded from zones are very thin with a serrate (rarely linear) profi le and are assumed to mark short pauses of crystal growth (Fig. 9D) . These hiatus zones are usually accompanied by pockets of microcrystalline blocky calcite and separate adjacent zones of dynamic crystallization with very similar textures.
(6) Zones of dynamic crystallization include elongate-blocky to fi brous crystals with length to width ratio between ~5 and more than 100 (Fig. 9D) . Calcite crystals show growth competition textures and more rarely elongate to fi brous columnar textures (denoting no or limited competition) with rather sharp crystal boundaries. The analyzed zones of dynamic crystallization often show a marked homogeneous extinction under polarized microscopic light. Moreover, some veins are characterized by thin-twinned crystal morphology as well as stylolitic hiatus zones (Fig. 9D) , suggesting postformation defor mation, possibly due to vein sealing (see also Nuriel et al., 2012 ).
(7) Exotic zones (Fig. 9F) are the rarest textural zones occurring only in a few of the studied thin sections. These zones include exotic grains (either rounded or angular) from the bedded travertine either in contact with one another or separated and surrounded by a cement of microcrystalline or coarse calcite. Voids in the exotic zones indicate that dilation was accompanied by cementation. A sec ondary vein cuts through the exotic zone shown in Figure 9F . 
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BANDED-BEDDED TRAVERTINE GEOMETRIC RELATIONSHIPS
Characterization of the geometric and crosscutting relationships between banded and bedded travertines is fundamental to understanding the growth of fi ssure ridges. Here, we summarize our fi eld observations of the bedded-banded travertine geometric relationships.
(1) Banded travertine forms usually highangle veins fi lled by growth bands (often syntaxial as shown in the previous section) of sparitic calcite . Bedded travertine forms low-angle thick carbonate strata (Figs. 3D and 6F) .
(2) The banded travertine either crosscuts preexisting strata or forms sill-like structures paralleling the strata (Figs. 3D, 4D, 6 , and 7). In places (in cross-sectional view), bedded travertine blocks are entirely surrounded by banded travertine veins (Fig. 4D) .
(3) Veins of banded travertine usually form a fan-shaped pattern with a subvertical large V-shaped vein in the core and thinner inclined veins in the fl anks (Figs. 4B and 4F ). (5) The banded travertine veins belong to different generations, with younger veins cutting preexisting ones .
(6) Frequently, the boundary walls of the injection veins are undulated rather than linear. Such geometry is hardly explicable solely by a brittle process of fracturing, suggesting that veins formed by brittle cracking and were then chemically weathered (i.e., their walls; Figs. 6A-6E; e.g., Billi et al., 2007) . In some other cases, in contrast, walls of injection veins are festoon-like, where the festoon acute apexes may be interpreted as incipient but aborted silllike structures (Fig. 6D ).
(7) Some veins show fl uid-like structures (formed during fl uidization). This can be interpreted as imbricate clasts of bedded travertines occurring within some veins, in places associated with pockets of exotic material (Figs. 6B and 7E) .
(8) Locally, the banded travertine is sutured by bedded travertine . This younger travertine, in turn, can host even younger veins of banded travertine, demonstrating a temporal succession of bedded and banded travertine depositional events (Fig. 4E) . Figure 10 shows results from the oxygen and carbon stable isotope analyses. Delta values fall between +2.9‰ and +7.8‰ versus Peedee belemnite (PDB) for the carbon isotopes and between -14.1‰ and -7.1‰ versus PDB for the oxygen isotopes. Figure 10 shows a general positive correlation between δ 13 C and δ 18 O data. Travertines from Kamara, Çukurbağ, and Kocabaş display minimal carbon isotope variability, whereas a larger variability characterizes the Akköy travertines. The variability of the oxygen isotope data is somewhat marked for all the fi ssure ridges, there being a difference between the banded and bedded travertines in the Kamara, Çukurbağ, and Kocabaş deposits. By contrast, the difference between the two types of Akköy travertine, which has the largest data set (Table DR3 [ on August 29, 2012 gsabulletin.gsapubs.org Downloaded from
CARBON AND OXYGEN ISOTOPE DATA
The difference between the banded and bedded travertines for Kamara, Çukurbağ, and Kocabaş (1‰-5‰ in δ
18
O versus PDB) may be ascribed to a difference in the precipitation conditions (e.g., temperature, isotope composition of precipitation water). The isotope data of Akköy indicate that the origin and temperature range of the water from which the bedded and banded travertines precipitated were the same.
The travertines we studied were also sampled and isotopically analyzed by . Their results are plotted in Figure 10 together with our data. The data provided by are from banded travertines sampled in the Akköy and Çukurbağ fi ssure ridges. The range of the carbon isotope data does not expand when the data by are added, whereas that of the oxygen isotopes widens toward negative values up to -16.3‰ (Fig. 10) . The positive correlation of the isotope data in the δ 13 C versus δ 18 O plot is less evident when the data by are added. Indeed, if the data from the banded and bedded travertines are taken separately, and if we consider that data by derive exclusively from the banded travertine, the correlation (in the δ 13 C vs. δ 18 O plot) is no longer evident for banded travertines, but it is still present for bedded travertines (Fig. 10) . This last correlation may be the expression of the different depositional facies present in the geothermal depositional system, as already proposed by Kele et al. (2008 Kele et al. ( , 2011 . In this view, different δ 13 C values represent a signifi cant downstream increase due to continuous CO 2 degassing (estimated to be ~6‰ at Pamukkale; Kele et al., 2011) . The downstream increase in δ
O values results, instead, from the superimposed isotope effects caused by carbonate precipitation, evaporation, and decrease in temperature.
The range of carbon isotope data (Table DR3  [ (2005) compilation. Generally, the carbon source of travertines with such an isotope composition is considered to derive from CO 2 originating from limestone decarbonation (Turi, 1986) , often with a signifi cant magmatic component and water-rock inter action (carbonate dissolution). Rapid CO 2 evasion contributes to the carbon isotope enrichments encountered in travertine formation. In our case, we may argue that dissolution of the limestones and marbles in the substratum of the Denizli Basin and re-precipitation along the ascent of deeply circulated hot fl uids cannot have dominantly contributed to the travertine formation. Indeed, such a process would have produced δ 13 C values for the travertines close to those of the limestones and marbles, the δ 13 C values of which range, on the contrary, between about -1‰ and +2‰ (Attanasio et al., 2006; . Thus, the carbon isotope values for the travertines collected in our study sites must have been affected by a major contribution from another carbon source, likely in the form of dissolved CO 2 , which is very abundant in the modern active travertine precipitation system in the Pamukkale area (Dilsiz et al., 2004) .
The origin of CO 2 can be determined by using the carbon isotope composition of the travertine. If we assume that there is isotopic equilibrium during precipitation of the travertine between CO 2 and calcite, it is possible to calculate the δ 13 C CO 2 from our data at the range of temperatures that are representative of the Denizli hydro thermal system (25-58 °C; Dilsiz , 2006) by using the CO 2 /CaCO 3 temperature equations of Bottinga (1968) . Unfortunately, the CO 2 degassing most certainly enriched This range supports the hypothesis that the CO 2 originated from varying proportions of both magmatic mantle degassing and thermal decarbonation of limestones and marbles, bearing in mind that the magmatic end member has a range of -6.5‰ ± 2.5‰ (Sano and Marty, 1995) and that carbonates in the Denizli Basin substratum are in the -1‰ to +2‰ range (Attanasio et al., 2006; . Measurements of helium isotopes in the modern gas emission in the area by Güleç et al. (2002) indicate that the source of He is the mantle, thereby providing further evidence of this type of contribution in the geothermal circulation of the Denizli Basin.
The relatively wide-ranging δ
O values for the banded and bedded travertines may be indicative of precipitation from isotopically different waters at varying temperatures. Using the carbonate-water temperature equation of O'Neil et al. (1969) and assuming that the travertine precipitation occurred near the isotopic equilibrium at a temperature within the present range of temperatures for the Denizli hydrothermal system (25-58 °C; Dilsiz, 2006) , we can calculate that the oxygen isotopic compositions for the precipitation waters ranged between -12‰ and +1‰ (versus standard mean ocean water [SMOW] ). Studies on thermogene travertines showed that the equilibrium condition is rare for oxygen in carbonate precipitation, especially at the spring orifi ces. For instance, at Egerszalok (Hungary), which is a natural laboratory for the study of active travertine deposition, Kele et al. (2008) showed that carbonate precipitation generally does not occur at equilibrium and that the oxygen isotope composition of the carbonate deposit is enriched slightly over 1‰ if compared with the equilibrium condition, though this value decreases in proportion to the distance from the spring orifi ce. This tendency is very common in thermogene travertines. Kele et al. (2011) reported that Pamukkale travertines often precipitated outside the isotopic equilibrium, as at the Egerszalok site, but were close to the equilibrium in a few other cases. These observations indicate that the range of the precipitation waters of the travertine reported in this study is quite reasonable. Furthermore, if we also take into account the disequilibrium effect, the range of possible δ
O values of the precipitation water would decrease. It is therefore evident that the precipitation waters have a consistent meteoric water component. The variability of the δ
O of travertines could be therefore the expression of the mixing, to a varying extent, of water of meteoric origin (with a low isotope composition and temperature) and deep thermal waters from the Denizli hydrothermal system (with a high isotope composition and temperature). The waters of the modern thermal springs of Pamukkale (Kele et al., 2011) and adjacent areas (Dilsiz, 2006) have an isotope composition range of -9.5‰/-8.4‰ and -57‰/-61‰ for oxygen and hydrogen isotopes, respectively, thus displaying an entirely meteoric origin. If we assume that the water cycle in the area studied did not vary in the past (during the deposition of the travertines studied), the δ 18 O variability may be ascribed solely to the temperature variations, and it is, therefore, likely to be the result of the variability in the mixing of (1) deep geothermal waters deriving from the infi ltration of meteoric waters and (2) shallow cold waters related to relatively recent precipitation (Dilsiz et al., 2004; Dilsiz, 2006) .
DISCUSSION
Our fi eld observations and laboratory results help to constrain the growth of the studied fi ssure ridges and, therefore, the long-term hydraulic circuit feeding the travertine deposits. Observations and results are synthesized in the growth model of Figure 11 through the following conceptual four main growth phases: (1) infant phase, (2) Kamara phase, (3) Çukurbağ phase, and (4) Akköy phase.
In the model, we propose a fi ssure ridge history starting with an infant phase (Fig. 11A) , where a linear elongated travertine mound (bedded travertine) starts to form on top of hot springs. The interplay between fi ssure ridges and fractures was previously suggested by , observing that, at Mammoth Hot Springs (Wyoming, USA), many fi ssure ridge deposits developed from hot-spring waters fl owing from preexisting linear vertical planes of weakness. As the fi ssure ridge grows (Kamara phase, Fig. 11B ), the weight of the accumulated bedded travertine increasingly hinders direct outfl ow from the central feeding conduit. The hydrothermal system thus develops an overpressure, which may even allow hydraulic fracturing. At the same time, in the feeder conduit, conditions differ from the open-air conditions, under which the early bedded travertine formed. In an (almost) sealed environment, fi eld and laboratory evidence (e.g., Boegli, 1980) suggests that chemical corrosion of the preexisting bedded travertine (e.g., Fig. 6D ) can occur. Depressurization by cracking and exchange with on August 29, 2012 gsabulletin.gsapubs.org Downloaded from the atmosphere can then trigger the precipitation of banded crack-fi lling travertine. The occurrence of sill-like structures (Figs. 3D, 3E , and 11B) demonstrates that the banded travertine may have grown by exerting pressure on the host rock (e.g., Rossetti et al., 2007) constituted by the bedded travertine. The large extension of the bedded travertine (e.g., Fig. 6F ), however, implies that, at the core of fi ssure ridges, a large volume is progressively made available for the growing banded travertine (Çukurbağ and Akköy phases; Figs. 11C and 11D ). This space was probably obtained through the interplay of four main mechanisms: (1) extensional tectonics, (2) chemical corrosion, (3) fl uid and crystallization pressure induced by the vein formation, and (4) lateral collapse of fi ssure ridge fl anks.
The role of the tectonics is addressed later in this section together with other regional infl uencing factors such as paleoclimate. It is interesting to note, however, that the growth rate of subvertical banded travertine as determined by data from is only ~0.015 mm/a. Consequently, at the scale of the single fi ssure ridge, the rate of extensional tectonics is very low, only equal to or smaller than 0.015 mm/a, which is probably the result of the interplay between tectonics and other factors that are addressed as follows.
Chemical corrosion along the central feeding conduit of the studied fi ssure ridges is evident from the irregular boundaries of some veins (Fig.  6D) . We have no data to quantify this process (chemical corrosion); however, considering the elongate shape of the studied veins (Fig. 6D) , we infer that these structures must have chiefl y formed by brittle cracking, and, subsequently, their boundaries were slightly reworked by chemical corrosion. We estimate, therefore, that the process of chemical corrosion had to be limited and that it can only account for a small portion of the volume presently occupied by the banded travertine (e.g., Fig. 6F ).
Lateral collapse of fi ssure ridge fl anks must have been an important mechanism driving the deposition of banded travertine at the core of the studied fi ssure ridges (Figs. 11C and 11D ). The occurrence of this mechanism (lateral collapse) is supported by a series of fi eld observations such as the lateral tilting of fi ssure ridge fl anks (Figs. 4B and 7C) , the V-shape of several veins at the core of fi ssure ridges (Figs. 4B, 4F , 5, and 6F), and the occurrence of travertine unconformities on the fl anks of fi ssure ridges (Figs. 5E, 6F, 10C, and 11D) . The lateral collapse of fi ssure ridge fl anks may have been induced by both the force exerted by the precipitation of banded travertine (i.e., crystallization pressure; Winkler and Singer, 1972; Noiriel et al., 2010) and by the progressive subsidence of soft sediments lying below the fl anks of fi ssure ridges. In this view, the rotation (about a subhorizontal axis) of the ridge fl anks away from the central fi ssure may have been favored by the fact that the central portion of the fi ssure ridge, where the travertine load is maximum and subsidence should therefore be maximum as well, may be sustained by the banded travertine rooted in the fi ssure ridge substratum, whereas the distal portions of the ridge fl anks are not rooted, but simply rest on the substratum.
The lateral collapse of fi ssure ridge fl anks most likely implies, in turn, the opening of the hydraulic system in the axial region of the fi ssure ridge itself, thus leading to the outfl ow of water rich in bicarbonate and associated lateral deposition of bedded travertine. The upward suture of some banded travertine by the bedded one (Fig. 4E) as well as the presence of breccias and, more in general, exotic material within some veins (Figs. 7E and 9F) all support the hypothesis of cyclic opening of the hydraulic system within the fi ssure ridges and alternate phases of deposition of banded and bedded travertines. In summary, we propose, for the studied fi ssure ridges, a crack-and-seal model of growth (e.g., Gratier et al., 2003; Renard et al., 2005) , where the deposition of bedded travertine mostly corresponds with the crack phases and the banded travertine with the seal phases. The microscopic observations, in particular, support the synkinematic progressive growth of banded travertine in a sealed environment (Fig. 9) . On the other hand, the geochronological results (Table 1) give a broad picture, indicating that the growth of each edifi ce lasted several tens of thousands of years; while the age data do not resolve whether the alternate deposition of banded and bedded travertines was punctuated or continuous, they are certainly compatible with a repeated cycle of massive bed deposition followed by pressure-cracking vein fi lling and renewed bed deposition. Moreover, the difference between equilibrium and disequilibrium precipitation in a crack-and-seal regime may be one cause for the oxygen isotopic heterogeneity that we observe.
In addition to local mechanisms such as chemical corrosion (Fig. 6D) , fl uid and crystallization pressure, and lateral collapse of fi ssure ridge fl anks (Fig. 4B) , it is now important to understand the external factors infl uencing the growth of fi ssure ridges, such as paleoclimate, tectonics, and geothermal circuit and outfl ow. observed that the banded travertine from Denizli Basin mostly grew during cold periods of Quaternary time. Our data are substantially consistent with this observation (Figs. 8, DR1 , and DR2 [see footnote 1]). Unlike other types of travertine deposits, which mostly formed during warm-wet periods thanks to the abundant fl uid discharge (Rihs et al., 2000; Faccenna et al., 2008) , rightly ascribed the growth of banded travertine during cold periods to the CO 2 oversaturation of deep reservoirs in connection with the general reduction in surface discharge of CO 2 by spring or geothermal waters during these periods. Host-rock fracturing in response to seismic shaking and fl uid overpressure may have resulted in rapid exsolution and expansion of the dissolved gas, leading to hydrothermal outfl ow ). This mechanism is very similar to that proposed by Tuccimei et al. (2006) to explain growth and erosion phases of speleothems from the Colli Albani volcano area. Also REE (rare earth element) data from the banded travertine of Denizli Basin indicate that the banded travertine formed as thermogene deposits from rapidly ascending (from deep reservoirs) CO 2 -rich fl uids . Mixing of CO 2 -rich geothermal fl uids with shallow groundwaters led to the formation of banded travertines with the isotopic signature observed in Figure 10 and discussed in a previous section. We can ascribe the process of chemical weathering along some fi ssure walls (Fig. 6D ) to these ascending CO 2 -rich geothermal fl uids. This model is also consistent with the general crack-and-seal mechanisms proposed in this paper (Fig. 11) .
From a morphotectonic point of view, the orientation of the studied fi ssure ridges and other ones in the region compared with the main normal fault (Fig. 2) suggests that the growth of fi ssure ridges in the Denizli Basin is only in part controlled by the regional extensional tectonics; otherwise all the fi ssure ridges would be parallel and would parallel the master normal fault. Rather, local deformation mechanisms such as those ones occurring in stepover zones between normal fault segments ) may have been determining factors in the location and orientation of fi ssure ridges.
CONCLUSIONS
The growth of fi ssure ridges in the Denizli Basin has occurred by competing deposition of bedded and banded travertines formed during Quaternary time, similar to a volcano edifi ce that results from the long time interplay between intrusive (dikes, sills, etc.) and effusive (lava) products. Deposition of banded and bedded travertines alternated through a crack-and-seal mechanism modulated by several local and external factors. Although the exact role and importance of each factor are still undefi ned and may vary from case to case, we propose that on August 29, 2012 gsabulletin.gsapubs.org Downloaded from these factors are: at the local scale, lateral collapse of fi ssure ridge fl anks, chemical corrosion, and fl uid and crystallization pressure; at the regional scale, paleoclimate and geothermal degassing modulated by tectonics.
The studied fi ssure ridge travertines may represent a natural analog of the long-term (up to tens of thousands of years) evolution of an overpressured H 2 O + CO 2 aquifer, such as could arise in the neighborhood of an artifi cial underground CO 2 repository.
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230 Th/ 234 U dating method. Table DR1 . Main known fissure ridge travertines in the world and related attributes. Table DR2 . Uranium content, uranium and thorium activity ratios, and age of travertines sampled in the Denizli basin for this work. ). The band encompassed by the red dashed line indicates Last Glacial Maximum (LGM) . Also shown are δ 18 O of Hulu Cave stalagmites (purple, green, and red), Greenland Ice (GISP2, 1997) (dark blue), and insolation (33°N June, July, and August) Paillard et al., 1996) of Isoplot/Ex (version 3.0), a plotting and regression program designed by Ludwig (2003) for radiogenic-isotope data.
Uranium content, uranium and thorium activity ratios, and the age of travertine are reported in Th) activity ratios, always higher than 100, with the exception of sample Ko1 (from Kocabaş fissure ridge) where this ratio approaches 50. Therefore, no correction scheme is required to obtain a reliable age. Table DR1 . Main known fissure ridge travertines in the world and related attributes.
(1) The term "isolated" refers to the occurrence of fissure ridges as single structures or in swarms.
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